We describe a means of visualizing the same neuron in the superior cervical ganglion of young adult mice over intervals of up to 3 months. The dendrites of these neurons change during this interval; some branches retract, others elongate, and still others appear to form de ~OVO. Thus, neuronal dendrites in this part of the nervous system are subject to continual change beyond what is usually considered the developmental period. The remodeling of postsynaptic processes further implies that the synaptic connections made onto these cells undergo substantial rearrangement well into adulthood.
the dendritic arbor to enable comparison of the cell's configuration at two different times.
Our results in a large number of sympathetic ganglion cells visualized in living mice indicate that the dendrites of these cells gradually change in young adult animals. These changes involve the extension of some branches, the retraction and disappearance of others, and the de nova formation of still other dendrites.
Since preganglionic synapses are made primarily on dendrites in the sympathetic ganglia of mice and other mammals (Forehand, 1985) , these ongoing changes suggest a commensurate change in the distribution of synaptic endings.
Some of these results have been briefly reported Purves and Hadley, 1985) . Materials and Methods
Identification of individual superior cervical ganglion cells in the living mouse
Autonomic ganglia provide an especially favorable site for visualizing individual nerve cells in life because many neuronal cell bodies lie superficially, covered only by a thin capsule (Fig. 1) . In order to see these cells in situ, young adult male mice (CFl strain, (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (8) (9) (10) (11) (12) (13) (14) (15) weeks old) were anesthetized with chloral hydrate (0.6 gm/kg). This dose provides deep surgical anesthesia within 2-3 min. The neck was shaved and the animal mounted on a stage that could be moved in three axes by a micrometer drive ( Fig. 2A) . The trachea was intubated with a fine polyethylene tube introduced through the mouth and the animal ventilated by positive pressure throughout the procedure. The skin was surgically prepared and a midline incision made from the sternal notch to the apex of the mandible. The superior cervical ganglion was exposed and gently retracted so as to place it in the center of a pool of saline that was grounded with a silver-silver chloride paddle (Fig. 2B ). Individual cells on the ganglionic surface were visualized by placing a fiberoptic light guide (0.7 mm diameter) just beneath the medial edge of the ganglion (Fig. 2 , B and C'). The tip of the light guide was beveled and polished at a 45" angle and the end coated with reflecting white enamel. As a result, the light from the tip of the pipe emerged at an angle tangential to the ganglionic surface, providing a high-contrast image by asymmetric illumination contrast (see, for example, Kachar, 1985) . By adjustment of the position of the light, individual cells across most of the ganglionic surface could be clearly seen (Fig. 3) . The mouse superior cervical ganglion comprises about 10,000 neurons (Purves et al., 1986) ; therefore, the selection of any particular cell for study was arbitrary. However, we usually chose a relatively large neuron located at the surface of the ganglion that, by virtue of its position and relationship to blood vessels, would be easy to identify when we searched for it later (see Fig. 3 ). Having selected a cell, we took 35 mm color transparencies of the ganglionic surface at 5, 125, and 250x; the respirator was turned off for a few seconds during photography to minimize movement (there was still a slight movement arising from the pulse even though it was damped by gentle retraction-see Fig. 2 ). The low-power photomicrographs were useful in locating the proper region of the ganglion at a second operation. The higher-power photos, together Figure 1 . Electron micrograph of the surface of an adult mouse superior cervical ganglion (cross section). Once the ganglion has been exposed in situ (see Fig. 2 ), only a thin capsule (arrows) lies between the observer and the neurons of interest. Surface neurons such as the ones shown here are visualized in vivo by asymmetric illumination contrast (see Fig. 3 ). A stereomicroscope and a compound microscope can be quickly and smoothly interchanged by means of a track and roller bearings. Dissection and electrode placement are carried out under the dissecting microscope; the compound microscope, fitted with a low-light-level video (SIT) camera as well as a 35 mm camera, is used for neuronal impalement and subsequent viewing. This arrangement allows permanent recording of the surface position of the neuron chosen for study and video monitoring and photography of the cell when it has been filled with dye. In order to reidentify the cell at a later time, the photomicrographs of the ganglion surface taken at the first operation are projected onto a screen in front of the setup, while the experimenter views the ganglion through the compound microscope at a second operation. B, The mouse is placed on a focusing stage (see A) (from a disassembled compound microscope) and the superior cervical ganglion exposed as shown. The carotid artery is gently retracted with a blunt hook to minimize the transmitted pulsation; the ganglion is superfused with sterile saline (see A) throughout the procedure. C, Arrangement of the light pipe necessary to achieve asymmetric illumination contrast images of superior cervical ganglion cells (see Fig. 3 ). By careful adjustment of the light, an optimal position for visualizing particular surface cells with high contrast can be determined; urrows indicate the direction of illumination. The tip of the light pipe is placed just under the medial edge of the ganglion (SCG), as illustrated. Examples are from the surface of a ganglion observed over an interval of 3 months (images have been enhanced as described in Materials and Methods). Neurons appear as a mosaic in which individual cells can be recognized by their shape, neighbors, and relation to nearby landmarks, such as blood vessels (cf. Fig. 1 ). The cell chosen for study in this particular ganglion is indicated by the asterisk; the size, shape, and neighbor relationships of individual cells usually make reidentification unambiguous.
with a high-resolution surface image obtained with a video camera, allowed us to re-identify the cell of interest without ambiguity ( Fig. 3 ; see also below).
Intracellular injection of fluorescent dye and visualization of dendritic arbors with low-light video microscopy Once we had obtained photographs of the ganglionic surface, a microelectrode was carefully positioned over the center of the cell of interest (see Fig. 2A ). Electrodes pulled from triangular glass (Glass Company of America) were filled with a 5% solution of 5(6)-carboxyfluorescein in 0.44 M potassium hydroxide (pH 7.0) that had been passed through a Millipore filter (0.2 pm). These electrodes had resistances of 80-140 MR. The neuron was impaled by passing a brief pulse of hyperpolarizing current while pressing lightly on the cell surface. Virtually every cell impaled in this manner had a resting potential of -40 to -60 mV and showed overshooting action potentials whose amplitudes were at least 60 mV (Fig. 4) .
Carboxyfluorescein was iontophoretically injected by a direct current of 3 nA delivered for a period of 2 min; the majority of cells maintained Figure 4 . Intracellular recording from a mouse superior cervical ganglion cell in situ. Under the circumstances described in Figure 2 , stable recordings could be obtained routinely. Neurons showed no spontaneous activity or synaptic potentials; this quiescence was presumably a consequence of the depth of anesthesia that was maintained. Action potentials of normal amplitude occurred for some seconds after impalement and afterward could be elicited by depolarizing current injection, as shown here. Resting potential, -52 mV. their resting potential during this time. The dye is not retained for very long; the fluorescent intensity of labeled cells faded appreciably within a few hours of injection, and was no longer apparent after 12-24 hr.
Further illumination was delivered through a 530 nm long-pass filter to remove wavelengths that would excite the fluorescent dye. This enabled visualization of the ganglion surface without inducing photooxidative damage in the labeled neuron. A compound microscope with a 40 x water-immersion objective (Zeiss, 0.75 numerical aperture, 1.6 mm working distance) was then placed over the ganglion and focused on the injected cell. A final, higher-resolution surface picture of the injected cell and its neighbors was made using a low-light video camera (GE SIT camera, model 4TE56; see Fig. 3 ). By briefly illuminating the field with epifluorescence optics, we could confirm that the intended cell had, in fact, been filled.
For epifluorescence microscopy, the light from a 15 W tungsten bulb was passed through two heat filters and conventional exciter and barrier filters for fluoresceinated dyes (Leitz H2 cube; 390-490 nm excitation; 5 15 nm suppression). The purpose of the low-wattage illumination was again to minimize photo damage of the injected neuron (Rater and Hadley, 1982a, b) . Using the low-light video camera and viewing the injected cell on a video monitor, we then selected a region of the dendritic arbor that was near the surface and easily seen. This usually involved one primary dendrite and its higher-order branches, although occasionally we studied the entire dendritic arborization of a cell. In general, the length of the dendritic branches studied was about half of the average total dendritic length of mouse superior cervical ganglion cells (Purves and Lichtman, 1985b) .
A series of optical sections through the branches of interest was obtained using an image processor and a computer ( Fig. 5 ; see also below). Ten to fifteen such sections were acquired within a minute or two, resulting in a total exposure to the exciting illumination of about 30 sec. These observations were usually made about 10 min after dye injection. Filling of neuronal processes by diffusion appeared to be complete at even shorter intervals; thus the arbors seen with fluorescent optics a few minutes after dye injection were similar to those observed when mouse superior cervical ganglion cells were filled with HRP and visualized in fixed and cleared ganglia (Purves and Lichtman, 1985b) .
Once the images had been stored, the microscope was removed and the wound closed with fine sutures. The operating time, from anesthesia to wound closure, was on the order of an hour. The animal was then warmed with a heat lamp and the endotracheal tube removed; most animals awoke about a half-hour later.
Relocation of the injected neuron
After an interval of 3-90 d, the animals were again anesthetized and the procedure repeated exactly. The photomicrographs of the ganglion surface taken at the original operation were projected onto a screen that Figure 5 . Low-light-level photomicrographs taken from the video monitor show single optical sections through a portion of the dendritic arbor of four different superior cervical ganglion cells. The pictures were taken about 10 min after injection of the neuronal cell body with 5(6)-carboxyfluorescein. These examples were chosen to show that the terminal portions of the dendritic arbors appear to be filled completely; delicate terminal branches on the order of 1 pm in diameter are easily seen. The dendritic arbors observed in this way were not different in appearance from mouse superior cervical ganglion cells visualized in vitro after filling with HRP (Purves and Lichtman, 1985b) . faced the electrophysiological setup (Fig. 2A) ; by comparing the topography in the photographs with the image under the microscope, we could usually find the cell that had been injected originally within a few minutes. Once the neuron of interest had been located (see Fig. 3 ), it was impaled and injected as at the initial operation. The range of resting potentials and action potential amplitudes recorded in the great majority of re-impaled cells was not appreciably different from the values obtained at the initial operation (resting potentials, -40 to -60 mV, action potentials, 60-l 20 mv). The portion of the dendritic arbor imaged previously was then located and fluorescent pictures obtained as before. In all our experiments the animal was killed at the end of this procedure.
Image analysis and morphometry
Video images of the dendrites, as well as those of the ganglion surface (see above), were collected and manipulated using a Grinnell image processor (model 274) attached to a PDP 1 l/44 computer (Digital Equipment Corp.). A general-purpose image-analysis language (IMAGR; J. Voyvodic, unpublished) controlled the image processor. This system provided several important advantages: (1) video noise was greatly reduced by signal-averaging each image 32 x during digitization, (2) images could be acquired and stored in computer disk files very rapidly (4 set/image), (3) video image quality could be enhanced by contrast expansion, and (4) for images of the ganglionic surface, asymmetries in the overall illumination could be removed by digitally subtracting an out-of-focus background image from the in-focus surface image (see Fig.  3 ).
Comparisons of the geometry of the neuron of interest over the interval chosen were made by reconstructing the relevant portion of the dendritic arbor from the optical sections obtained at each of the two operations. For this analysis, the stored images of the dendrite were recalled, viewed on the monitor, and photographed on Polaroid film (see Fig. 5 ). The pictures were projected onto a piece of paper using an artist's projector (Artograph RT 200); in this fashion we could make detailed two-dimensional drawings of the cell we had studied. Morphometric analysis from reconstructions of the dendrites was performed using the image-analysis language with a digitizing tablet attached to the computer.
Results
Survival of neurons jilled with jluorescent dye and visualized in situ A single neuron in the superior cervical ganglion was injected and visualized in each of 165 young adult mice. In 148 of these animals we were successful at the second operation in identifying the region of the ganglionic surface that had been studied previously. In 17 animals we were unable to locate the appropriate area and therefore could not determine whether the cell initially injected had survived. Most of these failures occurred before we became experienced at choosing locations and cell groupings that we could easily re-identify. In 91 of the 148 animals in which the correct region was located, the cell of interest was identified and successfully re-impaled with a dye-filled microelectrode. In the remaining 57 cases, the neighboring cells could be identified but the cell of interest had apparently died and been removed by phagocytic action. Thus, the survival rate of neurons studied in this way was 61%. The disappearance of a cell of interest occurred with about the same frequency at the shortest intervals examined (a few days) as at longer intervals (up to 3 months); evidently most cells that die as a result of impalement and/or illumination do so promptly.
Prolonged or intense exposure of the fluorophore to the exciting wavelengths can certainly kill a dye-filled cell (see, for example, Miller and Selverston, 1979) . However, the death of about 39% of the neurons initially impaled is probably not explained simply by illumination of the fluorescent dye, since in additional control experiments 4 out of 10 cells that were filled with dye but never illuminated had also degenerated and been entirely removed when these ganglia were examined 2 weeks later. Although we cannnot exclude the possibility that the dye alone has some toxicity, 5(6)-carboxyfluorescein is apparently nontoxic in other neural systems (Kater and Hadley, 1982a, b; McPheeters and Okun, 1980; Okun, 198 1) . In 10 other animals, a neuron was impaled with a microelectrode containing only potassium chloride (0.5 M). Again, 2 out of 10 of these cells could not be found 2 weeks later, implying that impalement alone is, in some instances, sufficient to precipitate neuronal degeneration and phagocytic removal. In animals in which the surface of the ganglion was exposed and photographed, but the cells not impaled, only 2 out of 13 1 neurons had disappeared when the ganglionic surface was visualized again several weeks later. Whether the loss of occasional cells in these sham experiments represents a normal process or inadvertent damage is not known.
Finally, 8 of the 9 1 cells examined showed some evidence of injury upon reimpalement (shrinkage of the cell soma, leakage of dye, or resting potential less than -40 mV). Seven of these cases were cells reexamined within a few days; however, one such cell was observed after an interval of 18 d. Some of these instances of apparent damage may simply have been the result of poor technique at the second operation (the ganglionic surface is somewhat more difficult to see clearly when the wound is still healing). However, a conservative explanation would be that the effects of damage after an initial impalement can sometimes persist for a number of days. In any event, the eight cells judged to show evidence of injury at re-impalement were not considered further. The related question ofwhether sublethal damage affects the results we describe below is considered in the Discussion.
Changes in neurons visualized at intervals of 3-10 d Twenty-four neurons were observed after intervals of only a few days to assess whether changes in the configuration of dendrites occur over relatively brief times. Most of the branches seen initially could be identified after a few days and were approximately the same length and shape ( Fig. 6 ; see also Fig. 14  below) . In each cell, however, small differences were apparent. Given the fact that at any two viewings the ganglion is never in exactly the same orientation or under exactly the same tension from the retractors (see Fig. 2B ), it remains uncertain whether these small discrepancies seen at early times are simply due to differences in rotation or tension on the dendritic tree, or whether they represent real changes in dendritic configuration.
Neurons visualized at intervals of 2-3 weeks
The 20 cells that were visualized at an interval of 13-l 8 d were also easily recognized as having the same overall configuration as initially. However, examination of these cells often revealed differences in dendritic geometry that exceeded changes easily Vol. 6, No. 4, Apr. 1986 R in @we 7. Comparable focal planes of two different portions of the dendritic arbor of a cell visualized at an interval of about 2 weeks. Cha shape that would be difficult to explain by differences in rotation or tension are now apparent.
.nges attributable to differences in orientation or tension on cell processes (Figs. 7 and 8 ). The changes observed at this interval involved the retraction of some branches and the extension of others. In some instances, small branches evident during the initial observation of the cell had disappeared altogether, whereas other dendritic branches appeared de novo in the 2 week interval ( Fig. 8 ; see also Fig. 2 in Purves and Hadley, 1985) .
Neurons visualized at intervals of 1-3 months Cells were imaged at intervals of 29-33 d in 18 animals ( Fig.  9 ) at 57-63 d in 12 animals (Fig. lo) , and at 87-90 d in 7 animals (Fig. 11) . Although the general configuration of dendrites at the second viewing could still be recognized as similar to the initial pattern, in most cases the changes were more extensive than those observed at shorter intervals (cf. Figs. 6-l 1) . In general, the changes appeared to be progressive over the entire interval, with more extensive differences at 2 months than at 1 month, and still more at 3 months than at 2 (see next section).
The changes observed at these intervals again involved a combination of extension, retraction, and de novo formation of branches.
Quantification of dendritic change over intervals of up to 3 months Our results suggest that changes in neuronal dendrites are ongoing in young adult life, and that these alterations involve both extension and retraction of net&es. In order to quantify these changes, we measured several aspects of the reconstructed images, examples of which are shown in Figures 6 and 8-l 1. Figure  12 shows the changes in overall length of the dendritic branches as a function of the interval between observations. With time, the dendritic length deviates increasingly from the original determination; there is, on average, a net increase in length of 26% at intervals of 2-3 months. As a measure of dendritic complexity, the number of terminal dendritic branches was also determined. The increase in complexity with longer intervals (Fig. 13) implies that much of the change in dendritic length can be acounted for by increased branching within the arbor (cf. Figs. 12 and 13) . It was more difficult to quantify the degree to which individual branches had retracted, extended, disappeared, or formed de nova, since such measurements are predicated on the identification of corresponding elements in the images obtained at an initial and a second viewing. At the longer intervals, the identification of corresponding branches could not always be made with confidence because the changes observed were often substantial (see Figs. 9-l 1) . Accordingly, we selected those cells in which identity between one or more branches over the interval was obvious. We then measured the changes in length for each of these homologous segments. Figure 14 indicates that progressive retraction and extension among homologous branches are both common, although, on average, extension is more fre- Figure 8 ; an asterisk indicates a branch that has evidently formed de novo. As the interval between observations becomes longer, the change in length deviates progressively from the initial length. For an individual cell, the net change can be positive or negative; on average, however, a net increase in length is apparent at longer intervals.
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quent. These changes of individual branches are consistent with the net increase in the total length of dendritic arbors observed over time (see Fig. 12 ). The changes shown in Figure 14 underestimate the average change in particular branches, since the elements most easily recognized as homologous over a given interval were necessarily those instances where the change was least.
Discussion
The results we describe complement a number of less direct observations which suggest that ongoing changes in neuronal geometry and synaptic connections are commonplace in the vertebrate nervous system (see the introduction). In the following discussion, we first consider some technical issues that bear on the validity of our conclusion that the dendrites of superior cervical ganglion cells in the mouse normally change over periods measured in weeks and months. We then consider the more general implications of such changes in the nervous system. Fig. 12) . A terminal branch was defined as a process more than 10 pm in length with a free ending; the jilZed circle at the zero point of both axes represents the initial number of branches. By this measure, the average complexity of these cells tends to increase at longer intervals. Figure 14 . Changes in the length of homologous dendritic segments over time. Only dendritic segments (both terminal and nonterminal) that could be unambiguously identified as homologs were considered. Therefore, the number of cells and branches included here is much smaller than the total sample. The length of particular segments tends to change progressively; for the reasons stated in the text, the estimated degree of change is conservative.
Ongoing dendritic changes are probably not an artifact arising from our procedure A central question is whether the changes in neuronal geometry that we describe reflect the normal behavior of these cells. Obviously, the procedure we have used can cause substantial damage to the impaled neurons; indeed, 39% of the neurons studied in this way promptly succumbed and were removed, while occasional cells showed some signs of injury for several days after microelectrode impalement and visualization. Might the changes we observed be entirely explained as a response to cell damage? Several aspects of our results argue against this interpretation. First, and most important, the dendritic arbors showed few differences initially, but changed slowly and progressively over periods of up to 3 months. Although our procedure probably caused some damage to even the surviving cells, it seems unlikely that injury associated with impalement and visualization would cause continued and progressive changes in the configuration of neuronal dendrites over periods of several months. Second, the majority of the cells that survived the procedure appeared to remain healthy: the resting potentials and action potential amplitudes recorded in most identified neurons at the second operation were indistinguishable, on average, from values obtained during the initial impalement. Third, the dendritic arbors of surviving cells, although changed at longer intervals, were generally similar in appearance to arbors at the first viewing (i.e., they appeared healthy, with no apparent pathological changes). Finally, there was usually net growth of the dendritic arborizations over time; chronically damaged cells would be more likely to show retraction.
All told, it seems unlikely that damage to neurons can account for the long-term changes we describe. On the other hand, neuronal damage as a result of our procedure might have affected the kinetics of these changes (particularly at early times) or the balance between extension and retraction.
Possible bases for ongoing dendritic change of superior cervical ganglion cells Although the animals that we observed were adult by the criterion of reproductive competence (achieved in the mouse at about 8 weeks postnatal), mice of this age are still growing. Thus, the average final weight of the animals studied increased 9% over the starting weight after 2 weeks, 14% after a month, 30% after 2 months, and 3 1% after 3 months.
Several observations in the autonomic nervous system of mammals suggest that the geometry of ganglion cells is related to animal size (Purves and Lichtmann, 1985b; Purves et al., 1986) . For instance, the dendritic arbors of superior cervical ganglion cells in different mammalian species increase systematically in length, complexity, and number of primary dendrites as a function of increasing species size (Purves and Lichtman, 1985b) . Similarly, within the developing superior cervical ganglion of the rat, dendritic complexity increases substantially in adult animals (J. Voyvodic, unpublished observations). Since the size of the mice in our study increased appreciably over the intervals studied, a possible stimulus for the ongoing change of the dendritic arbors of these cells may be the continued growth of their targets (Purves et al., 1986) . Clearly, it would be of considerable interest to carry out similar studies in older animals to determine whether these dendritic changes cease when growth ceases or persist in middle and old age.
Whatever their relation to animal growth may be, the most general description of these changes over time would be that, on average, the dendritic arbors of the ganglion cells become more complex. This conclusion is consistent with developmental studies of Golgi-impregnated neurons in the mammalian CNS (see, for example, Altman, 1972; Sadler and Berry, 1984) . However, the dendritic changes that we have described do not reflect a simple extension of the terminals of each process. On the contrary, although the net change was an overall increase in dendritic length and complexity (Figs. 12, 13) , both extension and retraction of individual branches were common ( Fig. 14; see also Figs. 6 and 8-l 1). Implications of dendritic change for synaptic connectivity In the superior cervical ganglion of the mouse, as in other mammals, the majority of preganglionic synapses are made on dendritic arbors. Forehand (1985) has estimated that of the 288 synapses made on these ganglion cells on average, about 24 are on the cell body and 264 on the dendritic arbor. Therefore, the changes we have described in the dendritic arbors of these neurons are likely to involve changes in synaptic contacts on the dendritic arbors. Obviously, a dendritic branch that disappears must lose the synaptic contacts that it supported; conversely, a dendritic branch that extends or forms de novo presumably acquires synapses.
The way in which experience engenders permanent changes in the nervous systems of mammals and other higher vertebrates is one of the major puzzles of modem neurobiology. In general, thinking on this issue has been divided. One view is that such changes are likely to be generated by regulation of the efficacy ofanatomically stable synaptic connections. An alternative view is that the long-term effects of experience are encoded in changes in the numbers and locations ofconnections between nerve cells. The results we have described here provide direct evidence for dynamic changes in young adult nerve cells. The degree to which a dynamic equilibrium of synaptic connectivity might provide a cellular substrate for the long-term storage of information in the mammalian nervous system is clearly an issue that merits further investigation.
